Ketamine is an FDA-approved drug with a known safety profile. Low-dose subanesthetic intravenous ketamine infusion treatment has led to long-term reduction of treatmentresistant depression and of chronic pain states. We report on low-dose subanesthetic intravenous ketamine infusion treatment in Parkinson's disease (PD) patients by 5 case studies and show a long-lasting therapeutic benefit to reduce L-DOPA-induced dyskinesia (LID), improve on time, and reduce depression. Based on the literature we hypothesize that low-dose ketamine may act as a 'chemical deep brain stimulation', by desynchronizing hypersynchronous oscillatory brain activity, including in the basal ganglia and the motor cortex. The presented PD case reports indicate tolerability, safety and long-term beneficial effects of lowdose ketamine infusion that should be further investigated in a properly controlled prospective clinical trial for treatment of LID, as well as the prevalent nonmotor features pain and depression in PD patients.
Introduction
Low-dose subanesthetic ketamine is used to treat various chronic pain syndromes, especially those with a neuropathic component, and a single intravenous infusion has been shown to lead to long-term analgesic effects lasting several months [1] . Recent clinical trials also showed that low-dose ketamine infusion paradigms are safe, effective, and well tolerated for treatment-resistant depression [2] [3] [4] and posttraumatic stress disorder (PTSD) [5] . Our present case studies suggest that symptoms of Parkinson's disease (PD) may also be ameliorated by low-dose ketamine and provide the rationale for further testing in clinical trials. Hypotheses of the pathophysiology of L-DOPA-induced dyskinesia (LID) and motor fluctuations in PD include hypersynchrony of electric activity [6] , a commonality between LID, depression and PTSD. LID and PD are associated with reduced dopaminergic innervation to the striatum and a pronounced increase in θ-(4-10 Hz) and β-band (13-30 Hz) oscillations in the basal ganglia [7] . And treatments like deep brain stimulation (DBS) that disrupt, or lesions to the subthalamic nucleus (STN) and pallidotomy, that eliminate the putative sources of these hypersynchronous oscillations improve motor symptoms [8] . Based on this information, we hypothesize that use of low-dose ketamine infusions might help with treatment of PD, especially LID.
Case Presentation
We report on 5 cases of subanesthetic ketamine infusion in patients with PD (Hoehn and Yahr: 2.5-3) identified by a retrospective chart review. The case review was approved by the Institutional Review Board, University of Arizona, and written informed consent was received from the participants. Ketamine was indicated for a variety of comorbid conditions. The level of documentation of PD and LID symptoms pre-and post-infusion was variable, but in most cases included standardized clinical rating scales collected by movement disorder specialists. Patient details are summarized in table 1. Overall, the case reports indicate excellent tolerability and safety of ketamine in this group of patients. Patients were treated in the intensive care unit using a protocol developed by one of the authors (M.E.) for treatment of intractable pain that specified titration of ketamine to a target rate of 0.15-0.3 mg/kg/h for 50-96-hour periods. There was no significant sedation in any of the cases (evaluated with the Richmond Agitation Sedation Scale: 0.2-0.42).
Case No. 1, a 64-year-old male with long-standing PD of 20 years duration, demonstrated remarkable resolution of LID as determined by review of all-day diaries of his motor fluctuations, and clinical observation ( fig. 1a-d ). This patient was treated for intractable back pain due to severe lumbar degenerative disk disease which was exacerbated by frequently severe dyskinesia. During admission, no adjustments were made to the dosages of dopamine replacement medications (L-DOPA-equivalent dose: 2,400 mg/day) or other medications, yet his dyskinesia improved markedly during and after the infusion. The patient continues to be followed by one of the investigators (S.J.S.) and has remained free of dyskinesia.
Similarly, in case No. 2, a 62-year-old male (L-DOPA equivalent: 2,150 mg; disease duration: >10 years) received a ketamine infusion to treat pain exacerbated by dyskinesia. Amantadine (200 mg daily) treatment had failed to improve his LID. There was a dramatic reduction in dyskinesia during the ketamine infusion and for at least 3 weeks post-infusion, as reported by one of the authors (M.E.), though less quantitative data is available from chart review.
Case No. 3, an 84-year-old male (L-DOPA equivalent: 1,971 mg; disease duration: 12 years), was treated for severe back pain and depression. The patient had significant comorbid medical problems including reduced cardiac ejection fraction and arrhythmia. Ketamine dramatically improved the patient's depression, pain, and acutely improved his motor symptoms. Though dyskinesia was mild, it is notable that it completely subsided following the infusion, and that there was acute improvement in the Unified Parkinson's Disease Rating Scale (UPDRS) part III exam (before infusion: 40.5; during: 28). His depression was dramatically improved (patient was suicidal before infusion and only mildly depressed on subsequent follow-up visits, followed by S.J.S.). This case supports the safety and feasibility of using low-dose ketamine even in patients of advanced age and with comorbid conditions. Cases No. 4 and 5 are female PD patients, 46 and 54 years old with relatively early-onset PD (L-DOPA equivalent: 800 mg; disease duration: 6 and 8 years), who were treated for intractable headaches. Both had received STN DBS which had previously resolved their dyskinesia and motor fluctuations. In case No. 4, the intensity of DBS stimulation was reduced by 0.3 volts bilaterally without loss of motor benefit and improvement in the DBS-induced side effect of dysarthria. These cases are included for completeness of documentation and safety data, though there was less dramatic effect on motor symptoms, perhaps due to ongoing DBS treatment.
Discussion
Overall, the case reports suggest that low-dose ketamine infusions are well tolerated in patients with PD and can improve pain and depression in this setting, supporting reports in other patient populations [1] [2] [3] [4] [5] 9] . This is important since depression is a critical problem for many PD patients [10] and depression is possibly worsened by L-DOPA [11] . We also noted an acute improvement in tremor as has been reported in a single previous case [12] . Most remarkably, we have observed a prominent and prolonged post-infusion improvement in LID.
The therapeutic effects seen could be due to low-dose ketamine acting as a 'chemical DBS' by desynchronizing neural hypersynchronous oscillatory activity involved in LID sufficiently to induce a lasting antidyskinetic effect. This hypothesis is based on recent work showing that subanesthetic ketamine leads to decreased β (13-30 Hz) and increased γ (>50 Hz) oscillations in cortical areas in healthy human subjects [13] , and preclinical data in rodents where low-dose ketamine treatment induced coherent oscillations in low γ (50 Hz), high γ (80 Hz) and high frequency (150 Hz) bands, with different behavior in four structures studied: motor cortex, caudate-putamen, substantia nigra pars reticulata and STN [14] . And a recent study reported that STN DBS appears to disentangle the abnormal relationship between the slow beta and fast γ oscillations in the motor cortex in PD patients [15] .
Ketamine is an FDA-approved drug with a known safety profile. It is possible that its use in a special population, e.g. PD patients, could result in unexpected treatment-emergent adverse events; however, our preliminary case series supports safety in this population. Since these are case reports and not cases within a controlled clinical trial, neither placebo effects or learning effects on patient-derived ratings can be ruled out as contributing factors to the reported long-term antidyskinetic activity.
In conclusion the presented PD case reports indicating long-term effects of low-dose subanesthetic ketamine infusion should be further investigated in a properly controlled prospective clinical trial for treatment of LID, and may also be considered for study of pain and depression in PD which are prevalent nonmotor features.
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